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NATIONAL, AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-82

CONTRCL OF COMBUSTION-CHAMBER PRESSURE AND OXIDANT-FUEL
RATIO FOR A REGENERATIVELY COOLED HYDROGEN-FLUORINE
ROCKET ENGINE

By Edward W. Otto and Richard A. Flage

SUMMARY

The design of a chamber-pressure and mixture-ratio control system
to increase the safety and speed of testing and to investigate the gen-
eral controllability of a regeneratively cooled hydrogen-fluorine rocket
engine is presented. The dynamics of the components of the system and
of the complete control loop are investigated. Time-history records of
combustion-chamber pressure and mixture ratio 1llustrating control-system
performance are presented. The system proved capable of starting a
hydrogen-fluorine rocket engine, providing stable operation to within 42
percent of the preset values of chamber pressure and mixture ratio, and
limiting transient deviations in oxidant-fuel ratio sufficiently to avoid
a stoichiometric mixture.

INTRODUCTION

A research program was undertaken at the NASA Lewis Research Center
to investigate the performance and cooling requirements of a regeneratively-
cooled hydrogen-fluorine rocket engine. A chamber-pressure and oxidant-
fuel-ratio control system was developed for this program in order to in-
crease the safety during the experiments, to increase the amount of data
obtained in a given amount of running time, and to investigate the gen-
eral controllability of the engine and propellant combination. This con-
trol system contributed to the safety of the experiments by incorporating
rapid shutoff valves and flow control of each propellant independent of
engine operating conditions. Data were obtained at an increased rate
because provision was made for running several engine operating conditions
(P, or O/F) consecutively.

Control of combustion-chamber pressure and oxidant-fuel ratio was
used in this program, although the technique for control of thrust and
oxidant-fuel ratic would be similar. The control-system analysis that



follows shows the control techniques employed and thelr effect on the
selection of control components and presents an investigation of the dy-
namics of the components and the complete control-loop dynamics. A time-
history record of combustion-chamber pressure and oxidant-fuel ratio il-
lustrating control-system performance is presented; and the adequacy of
dynamic response, steady-state and dynamic accuracy, and factors affecting
these characteristics are discussed.

The tests in this report cover a range of oxidant-fuel ratio from
6.14 to 15.67 and chamber pressure from 300 to 60 pounds per square inch
absolute.

APPARATUS

Figure 1 shows a schematic diagram of the rocket engine and propel-
lant feed system. BEach propellant was fed from a pressurized tank by
means of a dip tube through a Venturi and control valve to the engine.
The fluorine tank was stainless steel and was suspended in a liquid-
nitrogen bath, and the lines, Venturi, and control valve were located in
a trough filled with ligquid nitrogen. The fluorine tank was pressurized
with helium to & maximum working pressure of 1500 pounds per square inch.
The hydrogen tank was stainless steel and constructed with first a vacuum
Jacket and then a surrounding liquid-nitrogen jacket. The line between
the tank and engine was insulated with Styrofoam. The tank was pressurized
with hydrogen gas to a maximum working pressure of 1500 pounds per square
inch.

The fluorine Venturli was located approximately midway between the
tank and the engine. The fluorine control valve was located approximately
2 feet downstream of the Venturi and about 3 feet upstream of the engine.
The hydrogen Venturi was located at the bottom of the dip tube, and the
control valve was located on the engine inlet. The total length of the
hydrogen line between the Venturi and the control valve was approximately
25 feet.

The Venturi AP pickups were of the differential strain-gage type
and were closely connected with tubing (l/ls-in. I.D. for the hydrogen
and l/8-in. I.D. for the fluorine) to their respective Venturis. To
minimize the length of the liquid column, the fluorine pickup lines were
insulated from the liquid-nitrogen bath and electrically heated. The
signals from the AP pickups were amplified to produce 1 volt for full-
scale AP. The full-scale value of AP could be chosen by varying the
gain of the amplifying equipment. The full-scale sensitivity of the AP
pickup and the Venturi size could be chosen for best accuracy &t the
desired flow conditions.

TTg-d
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Chamber pressure was measured with a strain-gage pressure pickup,
and the resulting electrical signal was amplified to the l-volt level for
full-scale pressure. Thrust was measured with a strain-gage load cell,
and the resulting electrical signal was amplified to the l-volt level for
full-scale thrust. The nominal chamber pressure was 300 pounds per square
inch absolute, and the nominal thrust of this engine was 5000 pounds.

The control valve consisted of a standard plug valve body, seal, and
linear plug and seat assembly actuated by a specially designed electro-
hydraulic servovalve and piston assembly. This assembly, together with
the valve-position pickup and the electronic amplifier, formed a positional
servomotor by means of which the propellant control valve could be rapidly
positioned in response to an input voltage.

CONTROL~SYSTEM ANALYSIS
Control Method

The basic flow control loop for each propellant is shown in figure
2(a). In each case the loop was closed around flow by comparing the O-
to 1-volt AP signal with a desired voltage and feeding the resulting
error voltage to the control-valve servomotor. In order to obtain
oxidant-fuel-ratio control and combustion-chamber-pressure control, the
basic flow systems were altered as shown in figure 2(b).

Oxidant-fuel ratio was obtained as shown in figure 2(b) by feeding
the fuel and oxidant AP signals to opposite ends of a potentiometer and
feeding the resulting signal at the wiper arm to the oxidant control-valve
servomotor. The resulting valve movement varies oxidant flow until zero
voltage is obtained at the wiper arm. This method of obtaining O/F
control requires that the oxidant voltage be O to -1 volt for full-scale
AP range. The desired O/F can be set by setting the position of the
wiper arm.

Control of the chamber pressure was obtained by comparing the 0O- to
1-volt P. signal with a desired voltage and feeding the resulting error

voltage to the fuel control-valve servomotor. The resulting valve movement
varies fuel flow, which in turn varies oxidant flow. This change in pro-
pellant flows varies chamber pressure, and the control action continues
until zero error voltage is obtalned at the input of the fuel control-
valve servomotor.

It is also possible to obtain O/F control by varying fuel flow,
and P, control by varying oxidant flow. However, the method shown was

chosen because it more easily satisfies certain of the safety requirements.
Specifically, it makes certain that there is no oxidant flow unless fuel



is actually flowing. It also lends itself to providing the fuel-flow lead
necessary for purging of the engine and line cooling.

In order to avoid attack of uncombined fluorine on chamber walls, the
engine must be run below the O/F corresponding to stoichiometric (ap-
prox. 19), or fuel-rich. With the control method chosen (i.e., control
of O/F through oxidant flow and control of P, through fuel flow), it

was necessary to reduce deliberately the speed of response of the fuel
control loop below the maximum permissible response speed of the oxidant
control loop so that the oxidant-flow control could follow the most rapid
variations in fuel flow. This technique ensures that transient deviations
in O/F never go above stoichiometric.

TiZ2-d

System Component Dynamics

A block diagram of the P, and O/F control system is presented in

figure 3(a), which shows the various elements in the system and their
interrelation. It is to be noticed that both the chamber-pressure con-

trol loop and the mixture-ratio control loop are affected by variations

in oxidant and fuel flows. Figure 3(b) is a block diagram of the system
indicating the approximate form of the dynamic response of each of the

elements in the system, where the K terms are the steady-state values and

the G terms denote the dynamic response (see appendix A). A controller .
with dynamic characteristics represented by Gg or Gjg has been added

in each loop in order to make the loop representation as complete as pos-
sible. 1In order to solve for the complete loop dynamics, it is necessary
to obtain the transfer function for each component shown in figure 3(b).
These transfer functions were obtained as discussed in the following
section. The necessary form of the transfer functions Gp and Gyg for

most satisfactory loop dynamics and stability is determined in a later
section. All the values for the K +terms are presented in table I. The
G terms are presented in curve form.

Servo-operated control valve. - The electrohydraulic actuator for
each propellant control valve was designed to provide as high a speed of
response as is reasonably attainable in order to reach operating conditions
quickly and to satisfy the safety requirement that the control valve close
rapidly upon signal. The construction of the actuator and of the associ-
ated equipment that form the positional servomotor is described in
appendix B.

The frequency response of each control valve was determined by feeding
an error signal from a signal generator to the input of the servoamplifier
and measuring valve position response. The amplitude ratio of valve posi-
tion to input voltage and the resulting phase lag were measured on an
oscilloscope. The results of the frequency-response tests to inputs
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corresponding to 5, +10, and x20 percent of the total valve stroke are
rresented in figures 4 and 5. The responses of both control valves at
#5-percent stroke indicate a usable control range out to approximately

35 cycles per second. The 45-percent-stroke curves represent error
voltages of approximately £10 percent of full-scale values and are there-
fore suitable for use in the analysis of loop stability.

The constants K; and K;; defining valve travel for a given applied

voltage were evaluated by measuring the total travel of each valve with a
dial indicator and dividing the travel by the position voltage correspond-
ing to the total travel.

The constants Kz and Kj2 define the volume flow through each
valve for a given valve 1ift. The values of these constants depend upon
the pressure drop across the valves and in general will be different for
each run condition. The volume flow rate through the valve was determined
from the measurement of the weight-flow rate at each run condition. The
corresponding value of the 1ift was determined from the known area-lift
constant and the weight flow and pressure drop across each valve.

Flow pickup, connecting lines, and Venturi. - The natural frequencies
of the AP pickups and lines were calculated approximately by considering
each measuring system as a simple second-order system consisting of an
estimated liquid column compressing a trapped volume of gas. From the
nature of the solution it was obvious that, in order to make the frequency
response of the AP pickups as high as possible, the liquid-column length
in the lines and the total line length should be made as short as possible.
The oxidant AP lines, which were 1.5 feet long, were isolated from the
liquid-nitrogen bath and electrically heated down close to the Venturi.
The fuel pickup lines were considerably longer, approximately 7 feet in
length, because the Venturi was located at the end of the dip tube near
the bottom of the tank. The calculated natural frequency of the fuel
AP measuring system was approximately 13 cycles per second, and that of
the oxidant system approximately 16 cycles per second.

In order to understand and express the dynamics of the AP measuring
systems better, an analysis was made of the response, as indicated on an
oscillograph recorder, of the fuel and oxidant AP pickups to the cutoff
step change of each flow at the end of an actual run. This analysis was
made in a manner suggested by Chestnut and Mayer (ref. 1) for obtaining
the frequency response of a dynamic element when its transient response
to a step input is known. In figures 6 and 7 the frequency responses of
the fuel and oxidant AP measuring systems as obtained from this analysis
are presented, and theoretical second-order curves are fitted to these data.
The theoretical curve for a damped natural frequency of 15.5 cycles per
second and a damping ratio of 0.3 agreed most clogsely with the analytical
results for the fuel AP measuring system, and the theoretical curves for



a damped natural frequency of 20 cycles per second and a damping ratio of
0.17 best agreed with the analytical results for the oxidant AP system.

There is less correlation between the analytical results for the
oxidant AP measuring system and the theoretical second-order curve
chosen (fig. 7) than for the fuel AP measuring system (fig. 6), but
this is primarily due to the presence of some extraneous freguencies in
the oxidant AP trace that made the method of analysis subject to re-
duced accuracy. The theoretical second-order curves represent the response
of the flow-measuring systems adequately for the purpose of this analysis
and therefore are used in the subsequent section on loop dynamics.

TT=iT

The steady-state constants K4 and Kj4 are dependent entirely on
the sensitivity of the AP pickup and the amplifier gain used for any
particular run condition.

The constants Kz and Kj3 are dependent upon theApressure drop

against flow characteristics of the Venturis used and the flow levels.
They are computed by taking the slope of the curve of pressure drop
against volume flow at the volume-flow point corresponding to each O/F
run condition.

Dead time between measuring station and valve. - The dead time in
the line is the time for a pressure wave originating at the valve to .
travel upstream at the velocity of sound of the liquid and appear at the
Venturi. For the hydrogen system the line distance between valve and
Venturi was approximately 25 feet, and the velocity of sound in liquid =
hydrogen is approximately 4040 feet per second. The dead time for the
hydrogen line is 0.0062 second, obtained by dividing the line length by
the velocity of sound in the medium. The reciprocal of the dead time is
the frequency at which the phase shift is 360°. Figure 8 is a plot of
the relation between phase lag and frequency for a dead time of 0.0062
second. The phase lags due to dead times in the lines between the engine
and the hydrogen control valve, the engine and the fluorine control
valve, and the fluorine control valve and Venturi were neglected because
of the short distances involved.

Engine dynamics. - The dynamic response of the combustion-chamber
pressure to changes in propellant flow as a function of frequency was
analyzed by the method presented in reference 2. For this engine and
rropellant combination the dynamic response is flat beyond 100 cycles per
second, the upper frequency of interest in the control system. Therefore,
the response of chamber pressure to propellant flows is considered to be
adequately represented by the constants K5 and K;5, which are the

partial of chamber pressure with respect to oxidant flow and the partial "
of chamber pressure with respect to fuel flow, respectively. The equa-
tions for the constants Kg and K5 as a function of engine variables,

which are developed in appendix C, are as follows:
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The constant Kg 1s determined by the sensitivity of the chamber-
pressure pickup and the gain of the amplifying system. The chamber-
pressure pickup was a high-dynamic-response type. It was installed with
a short line so that the dynamic response of the pickup was flat to over
200 cycles per second. The dynamics of this system are therefore neg-
lected in this report.

Oxidant-fuel-ratio network. - The constants K, and Kf are de-

termined from the geometry of the electrical network associated with the
O/F potentiometer. This network has no dynamic elements, and therefore
its characteristics can be represented by constants. The values of these
constants depend upon the setting of the O/F potentiometer.

Loop Dynamics

In order to determine the over-all system stability, it is necessary
to examine the open-loop transfer functions for the fuel control loop,
the oxidant control loop, and the chamber-pressure control loop. The
following detailed analysis is for O/F of 6.14 and P, of 300 pounds

per square inch absolute. The methods used in the analysis are applicable
to other " O/F conditions.

Fuel control loop. - The rocket engine is started with a fuel-flow
lead that must be controlled by the fuel control loop before the system
is switched over to chamber-pressure control; therefore, the fuel-control-
loop stability is examined first. The fuel control open-loop transfer
function of volts out of the AP pickup to volts in at the servoampli-
fier (fig. 3(b)) is obtained by multiplying the amplitude ratios and ap-
propriate constants of each of the elements between the two points and
adding their respective phase shifts. Dead time in the line between
valve and Venturi will cause a phase lag with no change in amplitude.
The amplitude ratio for this transfer function and the associated phase
lag are shown in figure 9.

It is clear from figure 9 that the fuel control loop will be unstable
if the loop is closed with a proportional gain greater than approximately
0.3, because the amplitude ratio will be greater than unity in the fre-
quency region where the phase lag is equal to or greater than 180°.



However, the expression for the percentage error of a control system

Error - 1
Input 1 +G

indicates that the loop gain Gl must be made 10 or greater before a

reasonably small percentage error is obtained. With the requirement that
the loop gain be small (approx. 0.3) in the frequencies near resonance,
and large (10 or more) in the lower-frequency region corresponding to
steady-state operation, an integrator-type control function is indicated.
An integrator plots as a O.l-amplitude-ratio-per-decade line on an
amplitude-against-frequency log-log diagram and therefore would provide
the necessary high gain at low frequencies and low gain at high frequen-
cies. The control function used was actually proportional-plus-integral,
because, by using the servomotor in an unusual way to provide integral
control, the presence of a small generator impedance (resistive) in the
feedback path resulted in a proportional-plus-integral control rather
than a pure integral control. The method of using the servomotor to
provide the necessary control function is developed in appendix B.

Figure 10 indicates the amplitude-ratio and phase-lag characteris-
tics of the control function. Figure 11 presents the open-loop transfer
function of the fuel control loop with proportional-plus-integral control.
With the added control function Gjg, the resultant open-loop amplitude-

ratio response is well below unity in the frequency region where the phase
lag passes through 180°.

Oxidant control loop. - It is necessary to examine the oxidant flow-
control loop to determine whether the loop by itself is stable when closed
before elther fuel and O/F control or P. and O/F control can be
achieved. The open-loop transfer function of the oxidant-flow control
loop is obtalned in the same manner as used in the fuel control-loop
analysis (see fig. B(b)). The amplitude ratios and constants of the
elements between the voltage signal into the servoamplifier and the
voltage out of the O/F network K, are multiplied and their phase

shifts are added. Figure 12 presents the function and indicates that

the loop will be unstable with a proportional gain greater than approxi-
mately 0.6. As in the case of the fuel control loop, a proportional-plus-
integral control function Gp was added to provide stability when the

loop was closed. The characteristics of this control are shown in figure
13. Figure 14, which presents the amplitude-ratio and phase-lag charac-
teristics of the resultant open-loop transfer function with proportional-
plus-integral control, indicates that the loop will be stable when
closed.

TT7-H
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Chamber-pressure control. - Analysis of the chamber-pressure control
system is more complex than that of the fuel or oxidant control loops.
The open-loop transfer function that must be examined (fig. 3(b)) is the
voltage out of the P. pickup Kg for & voltage into the fuel controller
G10- Because the voltage out of Kg 1is proportional to chamber pressure,
its value is determined by both the fuel and oxidant propellant flows
that are fed into the engine. Therefore, in investigating the P, open-

loop transfer function, two major control loops must be analyzed and
their transfer functions must be obtained.

Figure 15 is a simplified block diagram of figure 3(b) indicating
these two control loops. One control loop is composed of the forward
elements in the fuel control loop (GoKj;G11Kiz) and Kjs and Kg, and
its transfer function i1s the voltage output of Kg caused by fuel flow
to the engine for an input to Gjg. The other control loop is composed

of the fuel-loop forward elements (GyoKy7Gy1Kj2), the fuel-loop feedback
elements (K13K14Gl4e'as), the closed-loop oxidant system transfer function
(Qo/vf), and the constants Kg and Kg. This transfer function is the
voltage out of Kg caused by oxidant flow for an input to Gjpq-

These two transfer functions are developed in appendix D, and the
results are presented in figure 16 together with their vector sum (Vi),

which is the over-all transfer function of voltage out of Kg caused by
both propellant flows for an input to G;g. The Vi curve indlcates

that the chamber-pressure control system has a large stability margin if
the loop is closed. At the lower frequencies the oxidant control system
is the principal contributor to the chamber-pressure system dynamics,
while at the higher frequencies the dynamics of the fuel control system
predominate.

RESULTS AND DISCUSSION
System Performance

Figure 17 presents a time history of the run for which the control
analysis was made. The run consisted of a 2-second fuel-flow lead and
four successive OfF points at constant Po. At the end of the fuel-

Tlow lead, the oxidant-flow control loop was activated and the fuel
control loop was switched over to chamber-pressure control, resulting

in the first O/F point. Each subsequent O/F was obtained by switching
in, by means of a time-delay relay, & separate potentiometer set to the
desired value.
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Figure 17 indicates that the control system held the steady-state
chamber pressure and the steady-state oxidant-fuel ratio to within ap- N
proximately 42 percent of the set values. For each step change in O/F,
the overshoot was approximately 15 percent of the step, and the time
taken to reach the new steady-state set point was approximately 1.5
seconds. These values were considered to achieve the objectives of the
research program satisfactorily.

A step change in O/F causes a deviation of chamber pressure from
its control point. This deviation is caused by the momentary increase
in oxidant flow that occurs when the oxidant-fuel-ratio potentiometer
is switched to one set for a higher value. The chamber-pressure control
loop then reduces the fuel flow and returns the chamber pressure to its
set value at a rate determined by the dynamics of the control loop (fig.
16). The amount of deviation of chamber pressure from its control point
was approximately 10 percent, and the time taken to return to the con-
trol point was approximately 1.5 seconds. This deviation did not inter-
fere with the objectives of the research program.

T12-H

Figure 18 presents a time history of a run in which the oxidant-
fuel ratio was held constant and the chamber pressure was varied in four
successive steps (140, 100, 80, and 60 1b/sq in. abs at engine throat).
Each chamber pressure was obtained by switching in, by means of a time-
delay relay, a separate potentiometer set for the desired value. For -
this mode of operation the control system held the steady-state O/F
to within &2 percent of the set value and the steady-state P, to within

approximately +3 percent of the set values. The response of chamber
pressure to a step change in set values is overdamped; therefore, there
is no overshoot, and the time taken to reach 63 percent of the difference
in set values is approximately 0.3 second. The excessive error in steady-
state chamber pressure can be attributed to the fact that in this run an
instrumentation limitation made it necessary to use a full-scale chamber-
pressure value of 400 pounds per square inch gage, which caused any con-
trol or instrumentation-system zeroing errors to appear as an appreciable
error in chamber-pressure control. The errors in steady-state chamber
pressures shown are actually less than 1 percent of full-scale value of
chamber pressure.

‘It is also to be noted in figure 18 that, during a step from one
set value of P, to a lower one, there is a momentary increase in O/F.

The reason for this increase is that the action of the chamber-pressure
control loop is to reduce the fuel flow and that the oxidant flow must
follow the reduction in fuel flow at a rate determined by the dynamics
of the O/F control system. The deviation in O/F from the set point
during each stepping of P, was approximately 12 percent, and the time

taken to return to the set value was approximately 2 seconds.
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Figures 17 and 18 indicate that the response of the chamber-pressure
control loop is very much overdamped. This situation could have been
predicted from figure 16, which indicates that the speed of response of
the chamber-pressure control loop could be increased several times without
instability. Therefore, for later runs the integration rate of the fuel
controller G;n was modified so that, upon switchover from fuel-lead flow

control to chamber-pressure control, its value was increased three times.
Figure 19 is a time history of a run incorporating this modification in
which P, was held constant and O/F was varied in two steps. The

steady-state chamber pressure was held to within +0.5 percent of the set
value, and the steady-state oxidant-fuel ratios were held to within +1.5
percent of the set values. The deviation of chamber pressure from its
set value during O/F switchover is approximately the same as indicated
in figure 17, but the time taken to return to the set value has been re-
duced to 0.5 second, as compared to 1.5 seconds in figure 17. No
variable-chamber-pressure run has been made with this configuration, but
theoretically the response of chamber pressure to a step change in set
values should be three times as fast. ‘

Starting and Switchover Transients

Figure 20 is a time history to an expanded scale of the startup of
the variable-chamber-pressure run shown in figure 18. The low level of
propellant flows led to the worst startup condition encountered in the
test program, and for this reason the startup for this run is presented.
As seen in figure 20, there is a considerable delay in the rise of chamber
rressure after the oxidant-flow system is activated and the control system
switched over from fuel control to chamber-pressure control. The reason
for this delayed rise in chamber pressure is that, after the oxidant
control valve is opened, the oxidant flow must first fill the volume
between the control valve and injector face before being injected into
the engine. The rate at which the volume is filled is determined by the
instantaneous oxidant-flow rate. Therefore, for runs at low chamber
pressures, in which the corresponding oxidant flow is low, the time taken
to £ill the volume is increased. The result of the delayed rise in
chamber pressure is a situation in which the control system cannot ade-
quately control chamber pressure and oxidant-fuel ratio. Consideration
of the actions of the P, and O/F control loops makes the reason for

the lack of adequate control apparent.

When the system is switched over from fuel-lead flow control to
chamber-pressure control and the oxidant-flow system is activated, the
initial value of chamber pressure is essentially atmospheric; therefore,
a large error exists between actual and desired chamber pressure. This
error voltage causes the fuel control valve to open rapidly - in the
case shown in figure 20 to its full-open position - making the O/F
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control open the oxidant control valve rapidly in an effort to obtain

the desired oxidant-fuel ratio. The rapid rise in oxidant flow causes
the resultant O/F to overshoot the set value, and oscillation in O/F
results. The situation would not be as unfavorable if chamber pressure
rose rapidly upon switchover; but, because of the delayed rise in chamber
pressure, the propellant flows, in addition to being oscillatory about a
set O/F, are far over the amount necessary to obtain the desired chamber
pressure. An overshoot in chamber pressure results. The chamber-pressure
control loop must then reduce fuel flow and consequently oxidant flow
until the chamber pressure is equal to the set value. As pointed out
before, this run exhibited the worst startup transients because the
initial levels of propellant flow were low. In other runs, such as the
one presented in figure 17, in which the desired chamber pressure was
higher, the transients encountered in startup were less severe but none-
theless present.

TT2-H

The transients encountered in startups can be alleviated by delaying
the switchover from fuel-lead flow control to chamber-pressure control
until the chamber pressure has risen to approximately the set value.

With this mode of operation, the value of the fuel-flow lead was selected
to correspond to the amount that would produce, with the oxidant flow in
the proper O/F, the desired chamber pressure. Figure 21 shows the first
second of the run presented in figure 19 to an expanded time scale, in
which the switchover to chamber pressure was delayed 0.5 second after

the oxidant controller was energized. The resulting start is much
smoother and results in no undesirable oscillation in either chamber
bPressure or oxidant-fuel ratio. -

CONCLUDING REMARKS

This report describes a control system that is capable of starting
a hydrogen-fluorine rocket engine, of providing stable operation to within
42 percent of the preset values of chamber pressure and oxidant-fuel ratio
(0/F), and of limiting transient deviations in O/F sufficiently to avoid
a stoichiometric mixture. In addition, the control system is capable of
multipoint stepping of oxidant-fuel ratio and chamber pressure through
any range within the rocket-engine and instrumentation-system capability.
The speed of response of the control-valve actuators used was more than
adequate to meet emergency shutdown safety requirements.

The control system performed accurately and rapidly enough to provide
good engine data. However, the speed of response was limited by the
frequency at which an underdamped second- or higher-order resonance
occurred in each control loop. The existence of this resonance necessi-
tated the use of integral control with as small a proportional component
as possible (considerably less than 1). The primary source of the reso-
nance was the flow-measuring system, composed of a Venturi, AP pickup,
and conhecting lines. The underdamped response of the flow-measuring




E-211

13

system 1s caused by the inductance of the slug of liquid and the capac-
itance of the trapped volume of gas in the AP pickup and connecting
lines. This resonance problem will be encountered in cryogenic systems
unless means are employed to keep the AP pickup and connecting lines
either completely full of liquid or completely full of gas.

Lewis Regearch Center
National Aeronautics and Space Administration
Cleveland, Chio, July 17, 1959
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APPENDIX A

SYMBOLS

area of engine nozzle throat, sq in.

characteristic exhaust velocity, ft/sec

frequency-dependent transfer
fregquency-dependent transfer
frequency-dependent transfer
frequency-dependent transfer
frequency-dependent transfer

frequency-dependent transfer
lines

frequency-dependent transfer

acceleration due to gravity,

function

function

function

function

function

function

function

of

of

of

of

of

of

of

an entire control loop
oxidant controller
fuel controller
oxidant servovalve
fuel servovalve

oxidant AP pickup and

fuel AP pickup and lines

32.178 ft/sec?

steady-state gain of O/F output to fuel signal input, v/v

steady-state gain of O/F output to oxidant signal input, v/v

steady-state gain of oxidant servomotor, in./v

steady-state gain of fuel servomotor, in./v

steady-state gain of oxidant valve, (cu in./sec)/in.

steady-state gain of fuel valve, (cu in./sec)/in.

steady-state gain of oxidant Venturi, (1b/sq in.)/(cu in./sec)

steady-state gain of fuel Venturi, (1lb/sq in.)/(cu in./sec)

steady-state gain of oxidant AP pickup, v/(1b/sq in.)

steady-state gain of fuel AP pickup, v/(1b/sq in.)

steady-state value of partial of chamber pressure with respect to
oxidant volume flow, (1b/sq in.)/(cu in./sec)

TT2-&
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K15 steady-state value of partial of chamber pressure with respect to
fuel volume flow, (1b/sq in.)/(cu in./sec)

K6 steady-state gain of chamber-pressure pickup, v/(lb/sq in.)

O/F ratio of oxidant flow to fuel flow by weight

AP flow-measuring Venturi pressure drop, lb/sq in.

P, total pressure in combustion chamber measured at throat,
lb/sq in. abs

Q volume flow, cu in./sec

s dimensionless complex operator

t time, sec

Ve open-loop transfer ?unction of voltage out of Kg caused by
fuel flow for an input to GlO

V5 open-loop trensfer function of voltage out of Kg caused by oxi-
dant flow for an input to G

Vt open-loop transfer function of chamber-pressure control loop

Ve voltage out of fuel AP pickup, v

\ weight flow, lb/sec

a dead time, sec

p density, 1b/cu in.

Subscripts:

T fuel

o] oxidant

t total

different operating conditions
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APPENDIX B

DESCRIPTION OF COMPONENTS AND OPERATION

The construction details of the electrohydraulic actuator and the
electronic servoamplifier circuitry are discussed herein. Details of
some of the techniques used in the control system are also presented.

Servo-Operated Control Valve

Actuator and valve assembly. - The electrohydraulic actuators for
the propellant control valves were ldentical. The actuator consists of
&8 piston assembly, a Moog Electrohydraulic Servovalve, and a Schaevitz
ILinear Variable Differential Transformer for position pickup. Figure 22
presents a disassembled view and figure 23 an exploded view of the actuator
components. All housings, end plates, and the mounting yoke are made of
aluminum. The piston and shaft are made of stainless steel. No special
bearings are used. The stainless-steel piston and shaft running in alumi-
num housings and end plates form satisfactory bearing surfaces. Both
static and dynamic seals are formed by O-rings. Where high pressures are
involved, Teflon backup rings are used.

In figure 22 a small piston with O-rings is shown on the right end
of the piston shaft. The cylinder for this piston is formed in the left
end of the mounting yoke. This piston and cylinder assembly 1s pressur-
ized by gas to hold the control valve closed during the long periods of
preparation of the propellant system prior to firing. This separate
valve-closing system makes 1t unnecessary to operate the electrohydraulic
servo system during these periods with the attendant chance of failure of
electronic or hydraulic components. This piston is not pressurized when
the automatic control system is in operation.

The small transformer shown in figure 22 is used to transform the
relatively high impedance of the position pickup down to a low value
suitable for transmission over long distances without phase shift of the
signal.

The actuator is shown in its assembled form in figure 24 and in mock-
up form mounted on the control valve in figure 25. The actuator is
fastened to the valve by screwing the valve shaft into the hexagonal nut
on the end of the piston shaft and clamping the mounting yoke to the valve
body by means of the wedging collar shown in figures 22 and 23. The method
of attachment is more apparent from figure 26, which shows the actual
fluorine control valve used in the test program. Because this actuator
was not available for disassembly, a redesigned unit is presented in
figures 22 to 25. The redesigned actuator is similar in construction and

TTT N7
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identical in dynmamic performance. The redesign involved only machining
and space economies.

The control valve for each propellant consists of a standard plug-
type valve body equipped with a linear plug and seat assembly and appro-
priate seals. The fluorine valve shown in figure 26 is a standard 1.5-
inch valve and incorporates a bellows shaft seal. The hydrogen valve,
not visible at the left in figure 26 behind its shield, uses a Teflon
packing shaft seal. It also was a standard 1.5-inch valve but was changed
in later tests to a 0.75-inch valve.

The stroke of the actuator and valve assembly used in the test program
is 0.5 inch. For conditions in which the standard valve plug required a
stroke above 0.5 inch to obtain full-open area, the plug was altered so
that full-open area was obtained in 0.5 inch. It is desirable to use
short strokes in servomotors of this kind, because reasonable percentages
of full stroke are then attainable with good linearity and high frequency
response. The excellent positioning ability of this type of servomotor
makes it feasible to design for short strokes.

The hydraulic pressure was supplied to both units at 1500 pounds per
square inch by an electric-driven vane-type pump with a relief valve and
accumulator. 10-Micron filters were used ahead of each valve actuator.

The area of the piston was approximately 1 square inch. The piston
was equipped with an O-ring to minimize leakage across it. The full-scale
flow from the Moog Servovalve was approximately 28 cubic inches per second.

BElectronic servoamplifier. - A schematic diagram of the electronic
servoamplifier is shown in figure 27. The position pickup is energized
fram the carrier oscillator and produces an a-c voltage.proportiocnal to
the displacement from center with a polarity that is either in phase or
out of phase with the oscillator, depending upon direction from center.
The stepdown and step-up transformer system enables the position signal
0 be transmitted at low impedance over the long lines without appreciable
phase shift. The position signal from the output of the step-up trans-
former is added to the signal from the manual-position potentiometer, and
the resulting error signal is demodulated to obtain a d-c voltage propor-
tional to position error. The error signal is introduced to the d-c
amplifier, which produces a differential torque-motor current that in turn
produces a hydraulic flow to one side of the actuator piston, causing a
priston velocity.

The steady-state characteristics of this loop are such that there will
be a valve position for every setting of the manual-position potentiometer.
The valve may also be positioned by introducing a d-c voltage at the servo-
amplifier input. There will be a unigue relation of input voltage against
valve position for each manual-position setting. In the control system
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described in this report, the manual-position potentiometer was set so
that with zero voltage at the input the valve was held closed. This
satisfied the safety requirement that the valve should return to & closed
position upon programmed or emergency system cutoff. The frequency re-
sponse of valve position to input voltage is presented in figures 4 and 5.

Control-System Details .

Figure 28 is a schematic diagram of the complete system. This
diagram shows the method of obtaining integral control, the method of
setting O/F, the fuel-lead and chamber-pressure control points, and the
relays used to activate the system.

The method of obtaining integral control was unusual because, instead
of using a conventional electronic integrator employing an operational
amplifier, capacitor feedback, and resistor input, the integral control
shown here makes use of the gain of the servomotor loop. Thus, by insert-
ing a capacitor in place of resistor Rp shown in figure 27, the servo-

motor loop becomes a system that integrates the voltage at the input; that
is, it produces a valve velocity proportional to the input voltage. By
making the input voltage the control error voltage, the servomotor will
integrate the error toward zero at a rate determined by the values of
resistor Ry and capacitor Cg. In the actual circuit, the generator

impedance of the demodulator producing the valve position voltage appears
as a small resistance in series with the feedback capacitor, making the
control action proportional-plus-integral instead of pure integral. As
shown in figures 10 and 13, the proportional gain is small (considerably
less than 1) but has been further reduced in a later design to provide
an increased stability margin for this type of resonant control loop.

The control error voltage is obtained in the case of the fuel-lead
and chamber-pressure control system by the use of a standard bucking
circuit in series with the control signals, as shown in figure 28. The
bucking circuit is formed by a battery and adjusting resistor to provide
the negative of the full-scale control-signal voltage across the ten-turn
set-point potentiometer. The action of the circuit is such that the
voltage at the wiper arm of the set-point potentiometer is equal to the
difference between the existing percentage of full-scale control-signal
voltage and the desired percentage set on the potentiometer.

The voltage usable as an O/F error signal is obtained by feeding
the fuel and oxidant AP signals to opposite ends of the ten-turn O/F
potentiometer. By making the oxidant AP voltage the negative of the
fuel AP voltage, the voltage at the wiper arm of the potentiometer be-
comes the difference between the percentage of full-scale values of the
fuel and oxidant AP signals. The desired O/F set on the potentiometer

g1
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is obtained when the fuel and oxidant AP voltages are in the ratio of
the resistances between the wiper arm and the corresponding ends of the
potentiometer. For this condition the voltage appearing at the wiper
arm is zero and there is no control error.

While the system is not in automatic control, the valve servomotors
are locked to a closed position by means of the relays shown, which ground
the inputs and short the feedback capacitors. The control system is
activated by energizing relay 131, which provides voltage to the fuel and

chamber-pressure set-point potentiometers and unlocks the fuel-valve
servomotor, allowing it to respond to the fuel error signal. Following
the prescribed period of fuel-lead precool, relay rp is energized to

unlock the oxidant-valve servomotor, allowing it to respond to the O/F
error signal. Relay rp also shifts control from fuel-flow control to

chamber-pressure control. At the end of the run program or upon emergency
shutdown, relays r; and rp are deenergized and the valves return to

closed position in a maximum of 20 milliseconds. The relays are sequen-
tially timed by a control timer in the rocket test-cell control room.

The accuracy of the control system is determined by the accuracy and
linearity of the instrumentation providing the control signals, the ac-
curacy with which the full-scale setting potentiometer voltages can be
matched to the full-scale control-signal voltages, the linearity of the
setting potentiometers, and the drift characteristics of the d-c ampli-
fiers and servovalves. Shortly before the run, each d-c amplifier is
balanced so that zero piston velocity is obtained for zero input to the
amplifier corresponding to zero error. Any drift in the amplifier or
servovalve system that would require a voltage other than zero at the
input of the d-c amplifier to obtain zero piston velocity would cause the
control system to hold a point different from that set on the potentiome-
ter. The drift characteristics of the d-c amplifiers employed were suf-
ficiently low that this error was less than 0.5 percent. Even with
reasonably low drift characteristics, it is desirable to balance the d-c
amplifiers as close to run time as possible. However, it is not feasible
to allow the propellant valves to drift open at this stage of run prepara-
tion. Therefore, a system of resistors duplicating the torque-motor coil
resistances was inserted in the plate circuit as shown in figure 28. The
values of these resistors had been previously chosen to obtain a zero
galvanometer deflection at the same condition of d-c¢ amplifier balance,
which resulted in zero plston velocity when the amplifier was connected
to the torque-motor coils. This resistor network and the galvanometer
are used to balance the d-c amplifier before a run without opening the
propellant valves.

This circuit also lends itself to providing a safe "standby" position,
because all the electronic circults are disconnected from the torque-motor
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coils and a battery 1s connected across the torque-motor coils to hold
the valve In a closed position. Thus, any failure of electronic equip-
ment would not inadvertently open the valves. In addition, the galvanom-
eter indicates the correct operation of the servoamplifier prior to
switchover to run condition.

The analysils has indicated that a considerably faster speed of re-
sponse can be employed in the chamber-pressure control loop than in the
fuel control loop. In later runs the chamber-pressure control loop was
speeded up by shifting a portion of resistor R; to a position between

the fuel-lead setting potentiometer and the switchover relay ro,. This

action left the speed of the fuel control loop the same but increased
the response speed of the chamber-pressure control loop.

The RESULTS AND DISCUSSION section has pointed out the desirability
of delaying the switchover to chamber-pressure control until the oxidant
flow has had sufficilent time to fill the line and bring chamber pressure
approximately up to the set value. The delay was accomplished by the use
of a time-delay relay in place of ro and activated by rog.

Multipoint running was obtained by switching in a series of O/F
potentiometers and/or a series of P, potentiometers by means of relays

activated by a sequential timer.

TTg-d



E-211

”~,

21

APPENDIX C

ENGINE DYNAMICS ANATYSIS

The equations necessary to determine the constants Ks and Kjs,
which are the partial of chamber pressure with respect to oxidant flow
and the partial of chamber pressure with respect to fuel flow, respec-
tively, are developed from the basic equation for characteristic exhaust
velocity as a function of engine parameters:

P.Ag
* - c“th (Cl)
vt
Rearranging equation (Cl) results in
c*y
t
P. = (c2)
€ Apg

The relation between the chamber pressure at two different operating con-
ditions (i.e., change in O/F) can be expressed as follows:

APe = Pe 2 - Pcj1 (C3)

Substituting P, 7 and P, » from equation (C2) in equation (C3) results

in
_ C-)Zewt,z ) wat,l

¢ Ay Agpg

or
AP, = —2— [exw - c*w (ca)
C T Aipg 27,2 i,

However,

Wt}z = Wt,l + AWt
so that

L Jox -
AP, = L8 [CZ(Wt,l +Awt) Clwt,l]
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or
= 1 - * * *
AP, = TG [Wt,l(cg - c¥) + Awtcz] (cs)

Dividing equation (C5) by Aw, gives

AP W.
c 1 t,1 . % *
Ay Arpg [Awt (e} - cf) +c} (ce)

When the change in total flow is accomplished by variation of fuel flow
at constant oxidant flow, equation (C6) can be written as follows:

OP¢ 1 [Wt 1 ]
S = ——— | —2= (c¥* - c¥*) + c¥ (c7)
W Wo Athg AWf 2 1 2 .

and for variable oxidant flow at constant fuel flow, equation (C6) becomes

1 [Wt,l (X - o ]

= cX - c¥) + c¥ (cs)
A Aw z 1 2

Wp heé o

oP

C
S

The constants Ks and K315 are defined as the response of chamber

pressure to volume flow of the propellants. Equations (C7) and (C8) may
be written for the response of chamber pressure to volume flow by sub-
stituting the following relations for wy and wy:

wp = QpPp

W

o = QPo

With these substitutions, and noting that the resulting partials are equal
to Ks and K35, equations (C7) and (C8) become

oP P [w
c f t,1
15 = 5g; wo " Fap By 27 2
and
P p W.
=l o [Tt L % _ % *
% = 54 we | A [Awo (ef - cf) + 3 (€10)

TTo -0
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The constants Ksg and Kj5 can be evaluated from equations (C9)

and (Cl0) for an assumed change in fuel or oxidant flow by substitution

of the values for the several engine and propellant parameters. The
combustion-chamber pressure is 300 pounds per square inch absolute,

and the area of the engine throat is 12.01 square inches. Density of
liquid hydrogen at the control valve is 0.00256 pound per cubic inch, and
the density of liquid fluorine is 0.0556 pound per cubic inch. Using data
contained in reference 3, a plot was made of theoretical c¢* as a function
of O/F for P, of 300 pounds per square inch absolute (fig. 29). For

O/F of 6.14, corresponding to the first operating condition, the c*
value obtained from figure 29 is 8365 feet per second. From equation (C1)
the total propellant weight flow is calculated to be 13.84 pounds per
second. Of the total weight flow, the fuel weight flow is 1.94 pounds
per second, and the oxidant weight flow is 11.9 pounds per second. If an
assumed l0-percent decrease in O/F is made, from 6.14 to 5.53, keeping
the oxidant flow constant, the increase in fuel flow necessary can be
determined by the following equations:

At OfF of 6.14,

Wf,l = 5797 Yo (c11)
At O/F of 5.53,

W =-—£—-w (c12)

f,2 5.33 "0

The change in fuel flow from O/F of 6.14 to 5.53 with oxidant flow
congtant is given by

AWf = Wf,Z - wf,l (013)

Substituting the values of we 1 and ve L2 from equations (Cll) and
(C12) into equation (Cl3) gives

1 1
Dip = WO(-S-T_)—S- - -S—iz) = 0.2143. lb/sec (c14)

where wy was previously found to be 11.9 pounds per second.

The value of cf at O/F = 6.14 was previously determined from

figure 29 to be 8365 feet per second. The characteristic velocity c§

is determined by drawing a line tangent to the c¢* curve at O/F = 6.14
and evaluating c§ at the intersection of this line and the line for
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O/F = 5.53; c¢* is found to be 8398 feet per second. The change, then
b 2 ge, B

in c¢* for the assumed 10-percent change in O/F is 33 feet per second.
Equation (C9) can now be evaluated to obtain the constant Kjg for o/F
of 6.14; K15 1is found to be 0.0698 pound per square inch per cubic inch
per second. In a similar manner, the constant Kg can be evaluated for

O/F = 6.14 where fuel flow is held constant and oxidant flow reduced to
produce a 1l0-percent decrease in O/F.

The values of Kz and Kjs5 for O/F = 6.14 are presented in table
I. The values of Ks and Kjg obtained for changes in P, resulting

from assumed changes in O/F about the other operating points (O/F of
9.0, 11.5, 15.67) are also presented in table I.

TTo-0
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APPENDIX D

LOOP DYNAMICS

The transfer function of voltage out of Kg for an input to the
fuel controller Gjg caused by fuel flow is presented in figure 16. It
was obtained by multiplying the transfer function of the forward elements
in the fuel control loop (GyoK17G11Kj2) as shown in figure 30 by the

constants Kj5 and Kg (see fig. 15).

In the analysis of the portion of the chamber-pressure control loop
that is dependent upon oxidant flow (see fig. 15), the amplitude-ratio
and phase-lag characteristics of the voltage out of the fuel AP pickup
to a voltage applied at Gjp have already been determined (fig. 11). It
is now necessary to determine the transfer function of oxidant flow to a
fuel AP voltage into the O/F network at Kg. As seen in figure 3(b),

the oxidant flow is equal to the product of the error voltage and the
transfer function of the forward elements in the oxidant loop as follows:

Qo = (Error voltage)GyK;G1Kp (p1)

The error-voltage input to Gp is equal to veKe - QOK3K4G4KO, where
ve 1s the voltage out of the fuel AP pickup. Substituting for error
voltage in equation (D1) and solving for QO/Vf gives

% KK G1KoGg

v~ T+ K1G1KK3K,G4KGo

as the desired transfer function. This expression was solved by expressing
the transfer function of the numerator in terms of its amplitude ratio and
phase shift, determining the denominator by adding vertorially 1 to the
oxidant open-loop response curves shown in figure 14, and dividing the
amplitude ratio of the numerator by the denominator and subtracting their
phase shifts. Figure 31 shows the amplitude ratio and phase shift for

the transfer function Qo/vf. Figure 32 presents the transfer function

of oxidant flow to an error-voltage input to the fuel controller Gj0-.

This function is obtained by combining the transfer functions shown in
figures 11 and 31. By multiplying the transfer functions shown in figure
32 by constants Kg and Kg, the frequency respounse of voltage ocut of Kg

to a voltage input to Gjg caused by oxidant flow is determined. The

results are given in figure 16.
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TABLE I. - CONSTANTS

Constants Oxidant-fuel ratio, O/F
6.1¢ | 9.00 [11.50 [15.67
Ke, v/v 0.447 | 0.640| 0.729 | 0.822
Ko, v/v 552 | .360| .27l .177
K1, in./v 242 | .242| .242| .242
K11, in./v 242 | 242 .242] .242
K,, —>22:/S5€C 702 | 680 670.4 | 636.1
2 in.
K5, S4i./sec 3550 | 4030 | 4310 | 4860
1z, in.
K5 (2E), Lb/sq in. 619 | .678| .707| .772
Q cu in./sec
2AP\ 1b/sq in.
Klg( 2 ), ou in./ses | *1108 | -0805 | .0692 | .0589
v
Ky, /0 T .00833 |.00833 [.00833 |.00833
K14) T5754 0 .01667 01667 |.01667 |.01667
Kg, —o/54 In 1.27 | 1.28| 1.25| 1.27
cu 1n./sec
, ib/sd in. .0698 | .0873 | .0913 | .135
157 cu in./sec
v
.002 | .002| . .002
Ke» To7aq T 00 00 002 | .00
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Pigure 10. - Frequency response of proportlonal-plus-integral controller for fuel loop (Gig).
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Figure 11. - Open-loop frequency response of fuel control loop with controller
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Figure 24. - Assembled electrohydraulic actuator.
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Figure 25. - Mockup of electrohydraulic actuator mounted on
control valve.
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Figure 26. - View of fluorine actuator and control valve
test cell.

55

C-47394

installed in



56

H-2ll

*I9TJTTdWe0OAISS OFUOJI}OSTS JO WeaSe[p OFFBUWSYDS -

e

nI{OT
UOT3TS0d °

[ —

J09%8N30

J03eTTTOS0

L2 8an3T4g

Butqqes uolzFsod-Tenuel

&

JoyeTnpowsd

1973 7Tdwy
o-p

JO30U

-——

anbaog,

(¢
RA1ddns
OTTNBIPAH

Ty andur




ST

rwajsfe [oajuos aulBus-javood Jo weaSelp BUulJaim OTIBUWSYOS - ‘g2 SJNTTA

uyp 19ng

Y

dv -
\
- Pl
°T
I
I, -
- o

jujod 3o¢
uotatsod 1eTaIul

\\\\\\\\llll:///rlnlll“ TRUBTS
uolatsod 9ATEA

, () LTI
, Ja il

wayske
futoueteq Auimcys asiJirdwe o-p JC OTdRWAYDS

TOJ3UCT, M
, S
| - RERRSA Y
| uo3s1d pue o-p
::3;5 mw uogj3Isod . IATBAOAIDS
ajrsoddo ! Aqpuels, | aojowaenbacy,
i

10 UMOUS UD3TMG ¢

S OogHe
S77020
IATBAQAIIG

U JUBETXQ

118-4



58

y

TTZ2-H

Characterlstic exhaust velocity, c*, ft/sec

8500 s -

8400 H H

8300

8200

8100

8000

7900 i : : 1 : :

7800 & '

7700

+ HHHHH 1
1 : 3biistdnal I HHT 1

5 7 9 11 13 15 17 19 21
Oxident-fuel ratio, O/F

HH

+
1 e gHHHHE

: : HHT

7600 E
3
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